Abstract-Terrainability is mostly dependant on the suspension mechanism and the control of a space rover. For the six wheeled CRAB rover, this paper presents the composite control design with torque control and adaptive Kriging control to improve the terrainability, somewhat related to minimizing wheel slip. As CRAB is moving slowly, the torque control is processed by minimizing the variance of the required friction coefficient based on the static model. Adaptive Kriging control is used to track the commanded velocity. The system uncertainty is compensated by Kriging estimation based on the velocity dynamics. Experiment results with two different tires show the effectiveness of the control scheme.
I. INTRODUCTION
In the context of all-terrain exploration, there is an increasing need for mobile robots to operate in unknown environment. The related terrainability [1] is influenced mostly by the kinematics of its suspension system and the control of the actuator. The main focus of the work is on the control design of the rover.
A. Related Study
For wheeled rough-terrain robots, enhanced performances can be obtained in terms of obstacle climbing by maximizing the traction [2] . This method can also be formulated as minimizing slip, which significantly improves odometry. In this sense, several algorithms have been proposed, as for example [3] . In this case, the wheel velocities are synchronized in order to avoid them fighting each other. Although this approach is proven to be efficient, the limitation is that it doesn't take the kinematics or the physical model of the rover into account. Thus the results are expected to be limited in very challenging terrain (3D). [4] presents a control methodology which can minimize power consumption in relatively flat terrain and maximize traction in highly uneven terrains. As this work concerns the 2D case only, an extension to a 3D model was proposed in [5] . The resulting controller was then tested in simulation in [6] for the SOLERO [7] rover. Although this showed very good results in terms of slippage, this approach was unfortunately not implemented and tested on real hardware, mainly due to a lack of appropriate sensors. 
B. Content
The main performance criterion in this analysis is slip. This choice is motivated by the fact that slip is a kind of energy loss and it might result in the task failure. There are two situations where slip occurs: the wheels are fighting each other due to uneven terrain or different commanded wheel velocities; the applied torque is too high and the ground cannot sustain the created traction. Torque control tries to avoid the latter by assigning larger torques on wheels where the load is larger because more traction can be generated.
In the context of a pre-study for the ESA(European Space Agency) project Exomars [8] , the development of a new robotic platform called CRAB [9] , depicted in Fig. 1 , offered a new opportunity to pursue the idea of testing this controller on hardware at the ASL. The torque control based on PID correction is studied and implemented [13] .However the selection of the parameters of PID is by experience. Improper parameters might result in bad performance of the exploration or even failure. In order to get a more universal and effective correction method, we design the discrete Kriging control [14] to obtain the correction torque where the system uncertainty is estimated by the Kriging method [16] , [17] . This paper describes the efforts that have taken place to implement the composite controller on CRAB and exposes the preliminary results. Section II presents briefly the CRAB system and its static model. The composite control is presented in Section III. The next section goes into the experiments and discussion. Finally, the conclusion and an outlook are included at the end of the paper.
II. CRAB ROVER

A. System Overview
The CRAB rover is characterized by a mechanical suspension system that is based mainly on parallel bogies as used by its two predecessors at ASL: the Shrimp [10] and the SOLERO [7] . The bogies are connected at the bottom next to the axis of the middle wheel and at the top through an articulated rocker. A differential mechanism between the left and right suspension levels the pitch angle of the chassis (Fig. 1) . In order to provide the information for the static model which will be taken in the control scheme, the following sensors used for this purpose are described.
• An Inertial Measurement Unit (IMU) is mounted on the body of the CRAB. It provides the orientation (Euler angles, ψ i with i being x,y or z) of the chassis.
• The angular sensors measure the relative angle of a pivot joint. Three on each side are positioned on specific joints of the mechanical structure providing the angles τ i , with i ∈ [1, 6] .
• The tactile wheels [12] in Fig. 2 provide the information about the wheel ground contact angles γ i , with i ∈ [1, 6] . This input to the model is crucial to compute the optimal torques in uneven terrain.
In [13] , we used the following ad-hoc adaptive low-pass filter to smooth the overall wheel ground contact angle estimate:
where y is the filtered output, x is the sensor data and α is selected as 0.01 if the difference is below 3mm and 0.3 for others.
B. Static Model
The CRAB rover moves very slowly between 0.03m/s and 0.1m/s. Due to this, the static model is considered accurate enough to predict the force and torque applied on the structure. Thus the model is based on the Newton-Euler formulation.
The CRAB consists of 30 parts and can be characterized by 180 independent equations describing the static equilibrium of each body and involving 14 external ground forces, 6 internal torques and 165 internal forces for a total of 185 unknowns. The mechanical structure is considered massless whereas the weight of the main body and the wheels is taken into account. As no interest in held into the internal variables, it is possible to simplify the equation system. The final equation system is formulated as follows:
where N corresponds to a vector containing remaining forces, including the wheel ground interaction forces and wheel torques. M and b correspond to the state of the rover. This equation does not lead to a unique solution. Instead, one has to choose a criterion and find a set of forces N 43×1 which minimise it. This choice being arbitrary, the static model is minimised with respect to the variance of the wheel torques.
III. COMPOSITE CONTROL
The fundamental idea of the controller consists in minimizing slip by efficiently distributing the torques on the wheels, using a static model. The more a wheel is loaded, the higher the torque applied can be before it slips. For this reason, the controller is referred to as torque control. The control scheme is described in Fig. 5 . The static model is employed for calculating the optimal torque M o for a given state s. In order to track the designed velocity V d , the adaptive controller based on Kriging estimation is added to the control loop where the calculation of correction torque M c is generated.
A. Torque Control
In the context of exploration in rough terrain, the robots can face very challenging terrain and in order to enhance their terrainability, all their wheels are motorized. This statement is true for the CRAB which, being equipped with six motorized wheels, is over-actuated.
Considering the rover's wheel, the forces in action are the tangential R i and normal N i force, the load P i and the motor torque T i . The tangential force is linked with the normal force as follow:
with μ being the friction coefficient. This equation is true whether the wheel slips or not, but if μ is smaller or equal to the static friction coefficient μ 0 , the wheel does not slip:
In the torque control algorithm, the torques are subject to an optimization process based on the static model. The criterion for the optimization can be described as minimization of the variance of the required friction coefficient (G i ). G i is defined as the ratio between tangential (R i ) and normal (N i ) contact force. The equation for the ith wheel is:
The optimization is formulated as:
whereḠ is the mean required friction coefficient. Eq. 7 determines the optimal set of torque minimizing the slippage risk.
B. Adaptive Kriging Control
In this part we design the correction torque based on the adaptive Kriging control. The quite simple dynamics of CRAB is considered as follows:
where M c is correction torque, T is the time period, m is the mass of the CRAB rover, r is the radius of the wheel and F d is the unknown disturbance acceleration. For CRAB, m is 44.1 kg and r is 0.098 m. The velocity error is e (k) =
is the reference velocity. The error dynamics of the CRAB is
, then Eq. 9 can be transformed as
If 0 < K V < 1, the error e (k) goes to zero exponentially.
As F d (k) is unknown, if we can estimate it accurately enough, then Eq. 10 can be approximately derived. In order to forbid the nonzero estimation error, we assume that
where F e is the unknown function of θ (k). θ (k) is defined as follows:
From Eq. 11,we have
In this paper, we adopt the Kriging method to estimate F e θ (k) . Kriging is an optimal spatial regression technique which requires a spatial statistical model, popularly known as a variogram, representing the internal spatial structure of the data [15] . The input data are weighted based on the variogram model, search parameters and the number of samples. The interesting characteristic of Kriging estimation is that it is unbiased while there is no recursive computation. The estimation algorithm for F e θ (k) is given as follows: 
where 
In this algorithm, M is the number of data used for estimation which should be chosen cautiously: larger M integrates more information but requires more computation. 
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IV. EXPERIMENT
A. Environment Setup
The test terrain has a sinusoidal shape with different inclination angles (Fig. 6) . Two bumps are fixed on the wooden floor. As mentioned in [13] , the bumps are scaled to reach a maximum height of 0.12 m which is slightly more than a wheel radius. This terrain was selected because it represents a highly slippery and uneven terrain in which good control is expected to have a major impact on the performance. The wheels are covered with "tires", as depicted in Fig. 2 (b) and (c). The tires are used to get more accurate information from tactile wheels and provide different friction coefficients. In our tests, we use two kinds of tires made of rubber and paper. The length of the test terrain is approximately 2.3 m.
B. Results and Discussion
For the experiments, the mean slip of CRAB is determined by the measured traveled distance and the encoder value of the respective motor. The traveled distance is determined by measuring the distance between start and end point of the wheels. This approach takes the total traveled distance into account. Local slippage, such as sliding when the wheel is moving up and down the obstacles compensates itself in the final calculation. In summary, the performance metric applied for the hardware experiments is:
where S is the mean slip of the six wheel. For the ith wheel, d i is the measured traveled distance and L i is distance based on the encoders value.
For test I, CRAB with rubber tire is tested with three control types, simple velocity control,torque control and the composite control. Several runs (4 to 6) are done for each controller and the averaged measurements are then compared. The parameters for torque control are the same as in [13] .
The numerical result of test I for S is given in Table I . We can see that the composite control performs the best with 25.48% less slip than the velocity control. The filtered contact angle in Fig. 10 ensures the effectiveness of the data from the tactile wheel. Fig. 8 and Fig. 9 depict the velocity tracking performance of the torque control and the composite control where actual velocity is plotted in red and the commanded velocity in blue.
It can be deduced that improper parameters for torque control result in bad velocity tracking performance in Fig. 8 and moreover the condition for calculation of the optimal torque based on the static model cannot be satisfied due to the uncompensated system uncertainty. That's why the mean slip of the torque control is larger than the other two in Table I . In the composite control, this problem is cleared by the Kriging estimation compensating the uncertainty of the whole system.
For test II, torque control is no longer considered due to the complexity involved in tuning PID parameters. Only the velocity control and the composite control are compared. The result for CRAB with paper tire is shown in Table II . In this From test I and II, the composite control performs better than velocity control in slippery conditions. Meanwhile by adopting the adaptive Kriging control, the velocity tracking performance can be guaranteed.
V. CONCLUSIONS AND FUTURE WORKS
A. Conclusions
The composite controller design based on optimal torque distribution and Kriging estimation is proposed and implemented on the CRAB rover. The static rover model provides the basis to compute the optimal torques which minimize slip on the CRAB's wheels. The controller itself uses the optimally distributed torques and adds a correction term based on adaptive Kriging control. The controller is evaluated and compared to a standard velocity controller. This shows very good results of the composite control.
B. Future Works
Although this approach proved efficient in the controlled condition described in this paper, much more experimental work will be required to complete the evaluation of the approach. In particular, the control system will be tested with different velocities, and on materials with a broader range of friction coefficients. In addition to these quantitative tests, more qualitative tests in realistic environments such as sandy terrain or rocky surfaces and combinations thereof.
The control method could also be improved by running 6 independent controller, learning, using Kriging to learn the control parameters for each wheel based on their respective velocity command. This would be particularly useful in cases where the rover is making tight turns and the required wheel velocity can vary widely.
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